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Technology Agency, Saitama, JapanABSTRACT The interaction of troponin molecules on the thin ﬁlament with Ca2þ plays a key role in regulating muscle contrac-
tion. To characterize the structural changes of troponin caused by Ca2þ and crossbridge formation, we recorded the small-angle
x-ray intensity and the myoplasmic free Ca2þ concentration using ﬂuo-3 AM in the same frog skeletal muscle during twitch
elicited by a single electrical pulse at 16C. In an overstretched muscle, the intensity of the meridional reﬂection from troponin
at 1/38.5 nm1 began to change at 4 ms after the stimulus, reached a peak at 10 ms, and returned to the resting level with a half-
time of 25 ms. The concentration of troponin-bound Ca2þ began to increase at 1–2 ms after the stimulus, reached a peak at 5 ms,
and returned to the resting level with a halftime of 40 ms, indicating that troponin begins to change conformation only after
a sizable amount of Ca2þ has bound to it, and returns to the resting structure even when there is still some bound Ca2þ. In a
muscle with a ﬁlament overlap, crossbridge formation appears to slow down Ca2þ release from troponin and have a large effect
on its conformation.INTRODUCTIONContraction of striated muscle is regulated by the change in
the free Ca2þ concentration in the myoplasm ([Ca]free)
through the Ca2þ-binding protein troponin on the thin fila-
ment (1). Thus, to elucidate the regulatory mechanism
involved in muscle contraction, it is important to study the
Ca2þ-induced molecular events that take place on myofila-
ments. Previous studies extensively examined the structural
changes of myofilaments containg troponin during muscle
contraction at high time resolution using the x-ray diffraction
technique (2–6) and revealed that 1), the intensity of the
meridional reflection from troponin at 1/38.5 nm1 begins
to change before the tension rise after the stimulus (2); and
2), during the relaxation phase of a twitch, the return of the
intensity to its resting level becomes slower in the presence
of crossbridge formation (6). Measurements of Ca2þ tran-
sient during muscle activation obtained in stretched single
muscle fibers (7–9) also provided many findings, in terms
of kinetic aspects, about the behavior of Ca2þ inside the
sarcomere (i.e., the change of [Ca]free after a stimulus and
the time course of the concentration change of Ca2þ bound
to troponin). A comparison of the time courses of the x-ray
and Ca2þ data suggested that, in an overstretched muscle
after an action potential, troponin molecules change their
structure after most of them have bound Ca2þ, and during
the relaxation phase, the resting structure is recovered even
when some of the troponin molecules still have bound
Ca2þ (6).
Although the comparison between the x-ray and Ca2þ data
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Thus, it is possible that the species and seasonal differences
in the specimens affected the conclusions. It is essential to
conduct these measurements on an identical specimen to
obtain an exact correlation between Ca binding and the struc-
tural changes of troponin.
In this work, we investigated the temporal relationship
between the troponin-calcium reaction and structural
changes of troponin by monitoring the structural changes
of myofilaments and [Ca]free in the same specimen using
synchrotron x-ray diffraction and the Ca2þ-indicator fluo-3
AM, respectively. Our results confirm the previous conclu-
sions and also reveal that crossbridge formation slows
down Ca2þ release from troponin and has a large effect on
the conformation of troponin.MATERIALS AND METHODS
Muscle preparation
The specimens were semitendinosus muscles from bullfrogs (Rana catesbei-
ana; body length: 10–12 cm). The wild frogs were stored at 9C for 2 days
before experiments were conducted. The frogs were decapitated and quickly
pithed, and then the muscles were dissected and immersed in a fluo-3 AM
loading solution for 1 h. The loading solution was prepared as follows: 50 mg
fluo-3 AM (F1242; Molecular Probes, Eugene, OR) were dissolved in 3 mL
dimethyl sulphoxide and 3.8 mL Pluronic F-127 (PM3000; Molecular
Probes); then 6.0 mL Probenecid (P36400; Molecular Probes) was added,
and the solution was mixed with the Ringer’s solution (115 mM NaCl,
2.5 mM KCl, 1.8 mM CaCl2, 3.0 mM Hepes, pH adjusted to 7.2 at 25
C)
to obtain a 1.5 mL volume. In some experiments with a filament overlap,
the Ringer’s solution additionally contained 3 mM 2,3-butanedione monox-
ime (BDM) to avoid movement artifacts during the fluorescence intensity
measurement from fluo-3 (BDM does not affect the fluorescence of fluo-
3) (10). The muscle was soaked in the loading solution for 2–4 h. Another
myosin ATPase inhibitor, N-benzyl-p-toluenesulfonamide, was also tried,doi: 10.1016/j.bpj.2010.04.021
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preparation. The sarcomere length was adjusted to 2.8 mm (the overlap state)
or 4.0 mm (the nonoverlap state). The sarcomere length of 2.8 mm was
chosen because at a shorter sarcomere length, the muscle became slack at rest
and moved considerably sideways upon stimulation. At 2.8 mm, the resting
tension was high enough to reduce such a large movement. The muscle was
mounted vertically in a specimen chamber through which the Ringer’s
solution was circulated. The temperature in the specimen chamber was
controlled at 16C by cooling the Ringer’s solution. To mitigate radiation
damage, the specimen chamber was moved downward at a speed of
50 mm/s during each x-ray exposure. The specimen chamber contained a
pair of silver plates that were placed along each side of the muscle to induce
field stimulation. The muscle was stimulated with a single supramaximal
electric pulse of 0.5 ms duration.X-ray diffraction setup
X-ray diffraction experiments were performed using the BL40XU
beamline at the SPring-8 third-generation synchrotron radiation facility
(Sayo, Hyogo, Japan) (11). The ring current was 100 mA, the specimen-
to-detector distance was 2.8 m, and the x-ray energy was 10.5 keV. A combi-
nation of Si and Rh coatings was used on the two focusing mirrors.
The energy bandwidth was 1.8% and the flux without attenuation was
81014 cps. However, this was reduced ~3-fold by a 0.2 mm aluminum
absorber to avoid radiation damage, and again reduced ~0.5-fold by a
0.1 mm quartz window in the specimen chamber. Thus, the flux on the spec-
imen was ~1.31014 cps. The size of the beam was adjusted to 0.25 mm
horizontally and 0.15 mm vertically (full width at half-maximum) at the
specimen. A 0.2 mm aluminum absorber was placed along the equator to
avoid saturating the detector.
X-ray diffraction patterns were recorded using a beryllium-windowed
x-ray image intensifier (V5445P; Hamamatsu Photonics, Hamamatsu,
Japan) with the P46 phosphor in the output window, whose persistence
was <1 ms (12), coupled to a fast CMOS camera (FASTCAM SA1.1;
Photron, Tokyo, Japan). This camera can record 5400 frames per second
with a full frame of 10241024 pixels in 12 bits. In this study, each frame
had 10241024 pixels, and 1000 frames per second were recorded.Measurement of the ﬂuorescence intensity from
ﬂuo-3
Fluo-3 AM is the acetoxymethyl form of fluo-3 and has cell membrane
permeability. After it diffuses into muscle fibers, it is hydrolyzed by cellular
esterases and reduces to the form of fluo-3. Generally, this form of fluo-3
cannot get out of the cell. The fluorescence from the Ca2þ-bound form of
fluo-3 was measured using a fluorescence microscope (MZ FLIII; Leica
Microsystems, Wetzlar, Germany) at 10 kHz. This microscope was equip-
ped with a 100 W mercury lamp as the excitation light source and appro-
priate optical filters for fluo-3. The fluorescence from the muscle passed
through optical filters to be collected onto a photomultiplier (H5784-01;
Hamamatsu Photonics, Hamamatsu, Japan) whose output was fed into an
A/D board (PCI-3155; Interface, Hiroshima, Japan) through a current-
voltage converter. The microscope was set horizontally because the spec-
imen chamber was in an upright position for x-ray measurements.Experimental protocol
The recording of x-ray diffraction patterns and the measurement of the fluo-
rescence from fluo-3 were conducted alternately on the same muscle. For
each muscle, the x-ray data collection was repeated 6–12 times and the fluo-
rescence measurement was repeated 26 times. For the x-ray measurements,
the specimen was moved sideways by 0.3 mm after each data collection to
ensure that the x-rays would not irradiate the same part of the muscle twice.
No sign of radiation damage was observed under a light microscope afterBiophysical Journal 99(1) 193–200each experiment. This procedure also ensured that the area of the fluo-3 fluo-
rescence measurement was similar to that investigated by the x-rays.Data processing
The x-ray data were processed essentially as described previously (6), except
that in the measurement of the equatorial (1,1) reflection, which was not
measured in the previous study due to the narrow recording area of the
detector, the intensity profile along the equator was obtained by integration
in the axial range of Z ¼ 0–0.0053 nm1. There are two peaks close to the
(1,1) reflection: one from the Z-band and one from the (2,0) reflection. Thus,
the intensity profile was fitted with three Gaussian functions for the reflec-
tions and an exponential function for the background.
The fluorescence data were processed as follows: The data were summed
over measurements on each muscle and successive data points were aver-
aged to improve the signal/noise ratio (five data points for the 4.0 mm
experiments, 10 points for 2.8 mm). Then the fluorescence intensity was
normalized by the fluorescence before a stimulus and the results were aver-
aged over each muscle. These data were used for the later analysis.
In the calculation of cytoplasmic free Ca2þ concentration, [Ca]free, from
the observed fluorescence signal, we adopted the procedure described by
Caputo et al. (13) and used previously reported rate constants (14). These
parameters have been shown to consistently explain the observed fluo-3
fluorescence intensity changes in various experiments (9). The on-rate
constant between the fluo-3 and Ca2þ was 1.52107 M1s1 and the off-
rate constant was 37.5 s1 in the frog myoplasmic environment (14). There
are other Ca-binding sites in the myoplasm, such as parvalbumin, Ca pumps,
and ATP. As is the case with troponin, Ca binding to these sites depends on
the intracellular Ca concentration. However, since the intracellular Ca
concentration itself is monitored by fluo-3 fluorescence in our experiment,
its presence does not affect the calculation of the concentration of
troponin-bound Ca. The concentration of troponin with bound Ca2þ,
[CaTn], was calculated according to the reported rate constants: the on-rate
constant was 0.885108 M1s1 and the off-rate constant k1 ¼ 115 s1 at
16C (8) (although the affinity of Ca2þ for troponin may be changed by
the crossbridge attachment to actin, as discussed below (15,16)). The
concentration of the regulatory sites of troponin was set to 240 mM (8).
The peak value of [Ca]free was set to 18 mM at 4.0 mm (8). Since the peak
[Ca]free is known to be 25% higher at 2.8 mm than at 4.0 mm (17), it was
set to 22.5 mM at 2.8 mm. For this data analysis, the calculation was made
on the assumption that Ca2þ binds to each of the two regulatory Ca-binding
sites of troponin independently. When cooperative binding to the two sites is
assumed (18), the increase in [CaTn] is slightly slowed down during activa-
tion and its decrease during relaxation is markedly delayed, as shown in
Fig. 5 B of Baylor et al. (18).RESULTS
Experiments with muscle without ﬁlament overlap
(4.0 mm)
Tension and myosin-related and equatorial intensity
A semitendinosus muscle was stretched to a sarcomere
length of 4.0 mm to eliminate an overlap between the thick
and thin filaments. When it was stimulated with an electrical
pulse, only very small tension developed, which mostly orig-
inated in the ends of the muscle fibers where the sarcomeres
could not be stretched easily. This did not affect the x-ray
results because the x-ray beam passed only through the
central part of the fibers. No intensity changes were observed
in the meridional reflections (at 1/14.3 and 1/7.2 nm1) from
the thick filament (data not shown). The myosin layer lines
Ca-Induced Troponin Structural Changes 195from an overstretched muscle are generally weak (19,20).
The intensity of the first myosin layer line (MLL1) at
1/42.9 nm1 did not change with the stimulus (data not
shown). These results indicate that the muscle is sufficiently
stretched such that the actin-myosin interaction does not take
place upon stimulation.
In an overstretched muscle, only the (1,0) reflection from
the hexagonal lattice of the thick filaments was observed as
a clear peak on the equator. There was also a weak, broad
peak in the region where the (1,1) and (2,0) reflections are
expected (at 1/23–1/10 nm1; Fig. 1 B). The (1,0) intensity
did not change noticeably on stimulation, but the integrated
intensity of the broad peak decreased by ~5% (Fig. 2 B).FIGURE 1 (A) A small-angle x-ray diffraction pattern from semitendino-
sus muscle at a sarcomere length of 2.8 mm in the resting state. The muscle
fiber is vertical. The exposure time was 208 ms. The brightest spots on the
left and right are the (1,0) equatorial reflections, and the strong spots on the top
and bottom are the myosin third-order meridional reflections at 1/14.3 nm1.
(B) Equatorial intensity profiles in an overstretched muscle. The blue line is
in the resting state and the red line is at 12 ms after the stimulus.
FIGURE 2 Tension and x-ray intensities from the experiment using frog
semitendinosus muscle at a sarcomere length of 4.0 mm (nonoverlap state).
A 0.5 ms stimulus was given at time 0 (denoted by an arrow). The temper-
ature was 16C and the time resolution was 1.0 ms. The data are averages of
47 twitches of 11 muscles. The intensities are normalized by that before the
stimulus. (A) Tension normalized by the peak twitch tension at 2.8 mm
without BDM (Fig. 4 A), which was obtained in different muscles. (B)
Integrated intensity of the broad equatorial peak in the reciprocal spacing
of 1/23–1/10 nm1. (C) Integrated intensity of the first-order troponin merid-
ional reflection at 1/38.5 nm1. (D) Integrated intensity of the second-order
troponin meridional reflection at 1/19.2 nm1. (E) Integrated intensity of the
third-order troponin meridional reflection at 1/12.8 nm1.Since its time course was similar to those of the troponin-
related reflections (Fig. 2, C–E; see below), it most probably
represents the structural change of the thin filament due to
Ca2þ binding. However, since no intensity change was
observed in the central scatter, it was not caused by a change
in the projected radius of the thin filament that is expected toBiophysical Journal 99(1) 193–200
FIGURE 3 Fluo-3 fluorescence measurement on frog semitendinosus
muscle at a sarcomere length of 4.0 mm (nonoverlap state). The temperature
was 16C and the time resolution was 0.5 ms. The solid lines show the
results from normal muscle; dotted lines indicate results obtained in the pres-
ence of 3 mM BDM. These are averages of results from 143 twitches of 11
muscles in the absence of BDM, from 80 twitches of four muscles in the
presence of 3 mM BDM. (A) Fluorescence intensity change of fluo-3. (B)
Intracellular free calcium concentration ([Ca]free). (C) Calcium concentration
that is bound to troponin molecules ([CaTn]).
196 Matsuo et al.affect the entire equator. One possible cause of the intensity
change is an increased flexibility of the thin filament in
the presence of Ca2þ. A lattice with an interfilament
distance of 12–15 nm has been reported in smooth muscles
(21). The thin filaments in skeletal muscle may form
a similar lattice in the absence of the thick filaments. An
increase of flexibility by Ca (22) may cause a disorder in
the lateral arrangement of the thin filaments. Such a disorder,
like an increase in the temperature factor, does not affect
the central scatter around the origin, but has a large effect
on the peak that corresponds to the average distance between
the filaments (23). Clearly, however, more studies are neces-
sary to determine the origin of this equatorial intensity
change.
Meridional reﬂections from troponin
The meridional reflection at 1/38.5 nm1 is considered to
arise from the troponin molecules on the thin filament (24).
The intensity of this reflection began to increase at 3–4 ms
after the stimulus and reached a peak of 140% of the resting
level at 10 ms. It then began to decrease with a halftime of
25 ms toward the resting level (Fig. 2 C). The second-order
(1/19.2 nm1) and third-order (1/12.8 nm1) meridional
reflection intensities showed time courses similar to that of
the 38.5 nm reflection (Fig. 2, D and E), although the inten-
sity of the third-order reflection showed a decrease rather
than an increase (25).
Fluorescence signal of ﬂuo-3 and its conversion to [Ca]free
and [CaTn]
The aim of this study was to clarify the temporal relationship
between the structural changes of myofilaments and the
change in the intracellular calcium concentration. Thus, we
measured the intracellular Ca2þ concentration using a fluo-
rescent dye, fluo-3. At a sarcomere length of 4.0 mm, after
an electrical pulse, the fluorescence intensity of fluo-3 began
to increase at 1–2 ms and reached a peak ~25% higher
than the resting level at 15 ms, and then decreased with
a halftime of 40 ms (Fig. 3 A). This waveform was similar
to one observed previously at the same temperature (9), indi-
cating that our system for measuring fluorescence works as
well on a whole muscle as it does on a single muscle fiber.
[Ca]free estimated from the fluorescence signal began to
increase at 1 ms and reached a peak at 4–5 ms, and then
decreased with a halftime of 5–6 ms (Fig. 3 B). When calcu-
lated with simple first-order rate constants (see Materials and
Methods), [CaTn] was found to begin to increase at 1–2 ms
after the stimulus and reach a peak of 224 mM at 5–6 ms
(Fig. 3 C).
Since BDM was used in the experiments with a filament
overlap to reduce possible movement artifacts in the fluores-
cence measurement (as described below), we also conducted
experiments at 4.0 mm in the presence of 3 mM BDM. The
fluorescence signal was slightly prolonged (Fig. 3 A), most
likely due to inhibition of Ca uptake by sarcoplasmic retic-Biophysical Journal 99(1) 193–200ulum (26). [Ca]free and [CaTn] calculated from the fluores-
cence signal also decayed more slowly (Fig. 3, B and C).Experiments with muscle with ﬁlament overlap
(2.8 mm)
Tension and equatorial reﬂections
When a semitendinosus muscle with a sarcomere length of
2.8 mm was stimulated by a single electrical pulse at 16C,
the tension developed transiently and reached a peak at
43 ms after the stimulus (Fig. 4 A). The equatorial (1,0) inten-
sity decreased to ~80% of its resting level at 40 ms after the
stimulus. The (1,1) intensity peak was divided into three
components: the Z-reflection (a peak from the square lattice
of the Z-line (27)) and the (1,1) and (2,0) reflections from the
hexagonal lattice. In the resting state, the integrated intensity
of the Z-reflection and the (2,0) reflection was ~20% and
30% of the (1,1) reflection, respectively. The intensity of
the (1,1) and Z-line reflections increased by 120% at 35 ms
and by 30% at 20 ms, respectively. The (2,0) intensity
decreased by 60% at 70 ms after the stimulus. The intensity
ratio of the (1,0) and (1,1) reflections (I(1,0)/I(1,1)) is known to
be sensitive to the developed tension (28). In this study at
16C, the intensity ratio before the stimulus was 3.5, and it
decreased to 1.2 at 40 ms (Fig. 4 B).
FIGURE 4 Tension and the intensity changes in a twitch in frog semite-
ndinosus muscle at a sarcomere length of 2.8 mm. The solid lines show
results obtained from normal muscle; dotted lines indicate results obtained
in the presence of 3 mMBDM. The temperature was 16C and the time reso-
lution was 1.0 ms. The muscle was stimulated by a 0.5 ms electrical pulse at
time 0. The intensity of the meridional reflection is corrected by its width
across the meridian. (A) Tension normalized by the peak tension in the
absence of BDM. (B) Equatorial (1,0)/(1,1) intensity ratio. (C) Integrated
intensity of the first-order troponin meridional reflection at 1/38.5 nm1.
(D) Integrated intensity of the second-order troponin meridional reflection
at 1/19.2 nm1. (E) Integrated intensity of the third-order meridional reflec-
tion from the thick filament at 1/14.3 nm1.
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The integrated intensity of the 38.5-nm troponin meridional
reflection at a sarcomere length of 2.8 mm showed a biphasic
change during a twitch, as reported previously (2,6,29). The
net integrated intensity of a meridional reflection is propor-
tional to the product of the integrated intensity and the lateral
width (30). The lateral width of this peak increased by 20%
of the resting value at 40 ms after the first stimulus. Thischange of lateral width was much smaller than that during
a twitch at 2.2 mm (6), probably due to the lower tension
causing less lattice disordering. When the intensity was cor-
rected for the lateral width, it began to increase at 3–4 ms
after the first stimulus and reached a peak of 125% of the
resting level at 8 ms, and then decreased to ~36% at 70 ms
(Fig. 4 C). The initial rise is similar to that observed at
4.0 mm (Fig. 2 C) and is considered to be due to Ca2þ binding
to troponin. The intensity decrease is caused by crossbridge
formation, since it was not observed at 4.0 mm (6).
The meridional reflection at 1/19.2 nm1 is the second
order of the 38.5 nm reflection. Its intensity showed
a biphasic change similar to that of the 38.5 nm reflection,
but the time course of the late phase was slower: the 38.5 nm
reflection intensity crossed the resting level at 20 ms,
whereas the 19.2 nm reflection intensity crossed it at 35 ms
(Fig. 4 D). This observation is consistent with that reported
in the previous study (6).
Reﬂections from the thick ﬁlament
The integrated intensity of the third-order myosin meridional
reflection at 1/14.3 nm1 began to decrease at 5 ms after the
stimulus, and then dropped to 20% of the resting level. When
the observed intensity was corrected for the lateral width of
the peak, the net integrated intensity was found to decrease to
~34% of the resting value (Fig. 4 E). The 14.3nm meridional
reflection is composed of several diffraction peaks due to the
interference between two halves of the thick filament
(19,31). However, these peaks are fused and measured as
a single peak because of the low energy resolution in this
experiment. The peak shifted just slightly toward the higher
angles before the tension development. This phenomenon is
related to the latency relaxation (32). As the tension devel-
oped, the peak moved toward the lower angles (that is, to
a larger Bragg spacing) in a manner parallel to the tension
and shifted by 0.6% at the peak tension.
The intensity of the second-order myosin meridional
reflection at 1/21.5 nm1 and the meridional reflection
from the C-protein at 1/44.1 nm1 (33), after the correction
for the lateral width, showed an intensity drop of ~70% and
85%, respectively, with a time course similar to that of the
14.3 nm meridional reflection.
Fluorescence signal of ﬂuo-3 and its conversion to [Ca]free and
[CaTn]
At 2.8 mm, the fluorescence intensity increased after the
stimulus with a time course similar to that observed at
4.0 mm (Fig. 5 A). [Ca]free began to increase at 1 ms after
the stimulus and reached a peak at 4–5 ms, and then
decreased sharply with a halftime of 5–6 ms (Fig. 5 B).
When calculated with simple first-order rate constants (see
Materials and Methods), [CaTn] was found to begin to
increase at 1–2 ms after the stimulus, and reach a peak value
of 227 mM at 5–6 ms. After this initial steep rise, it was found
to decrease with a halftime of 80 ms (Fig. 5 C).Biophysical Journal 99(1) 193–200
FIGURE 5 Fluo-3 fluorescence measurement on frog semitendinosus
muscle at a sarcomere length of 2.8 mm. The temperature was 16C and
the time resolution was 1.0 ms. The solid lines show the results from normal
muscle; dotted lines indicate results obtained in the presence of 3 mM BDM.
These are averages of results from 299 twitches of 23 muscles in the absence
of BDM, from 195 twitches of 15 muscles in the presence of 3 mM BDM.
(A) Fluorescence intensity change of fluo-3. (B) [Ca]free. (C) [CaTn].
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Since the developed tension might cause a movement artifact
in the [Ca]free measurement with fluo-3, experiments were
also performed in the presence of 3 mM BDM, which is
known to suppress tension development by blocking the
myosin ATPase (26,34). BDM is also known to affect
Ca2þ uptake by the sarcoplasmic reticulum (26), but does
not affect Ca2þ binding by troponin (35).
In the presence of 3 mM BDM, the peak tension was
reduced to about one-third of that in the fresh state without
BDM (Fig. 4 A). If the data recorded without BDM were
affected by the movement of the muscle, such effects must
have been largely reduced. The resting equatorial (1,0)/
(1,1) intensity ratio was larger in the presence of 3 mM
BDM (Fig. 4 B) (35). This may be due to a decrease in the
number of weakly attached crossbridges in the resting state
(35). The decrease in the intensity ratio (Fig. 4 B) and the
intensity drop of the 14.3 nm myosin meridional reflection
(Fig. 4 E) became smaller. These results indicate that the
number of crossbridges formed during the twitch is reduced
by BDM. The intensity drop of the 38.5 nm troponin reflec-
tion in the late phase of contraction was reduced by 3 mM
BDM (Fig. 4 C). This caused the prolongation and an
increase in the peak height of the initial intensity rise. This
observation confirms that the initial intensity rise is due to
Ca2þ binding to troponin, and the decrease in the later phase
is caused by crossbridge formation.Biophysical Journal 99(1) 193–200The absolute fluorescence intensity from fluo-3 was hard
to determine with the present setup. Since 3 mM BDM has
been reported not to affect Ca2þ release in frog muscle
(10,26), the peak [Ca]free value was assumed to be unchanged
in the analysis. This assumption is supported by the fact that
the peak intensity change of the troponin reflection was not
reduced. The fluorescence signal was found to be prolonged
(Fig. 5 A), as was the case with the calculated [Ca]free
(Fig. 5 B) and [CaTn] (Fig. 5 C), most probably because of
the inhibitory action of BDMonCa2þ uptake by sarcoplasmic
reticulum (26). These results show that the fluorescence signal
was changed by 3 mM BDM, as expected from other lines of
evidence, and suggest that movement artifact did not cause
a large distortion in the fluorescence measurement even in
the absence of BDM.DISCUSSION
Comparison of the results from the ﬂuo-3
measurement with other studies
Baylor and his colleagues (7–9,14) extensively studied the
time courses of the concentration changes of [Ca]free and
[CaTn] using moderately stretched frog skeletal muscle
fibers. In their single-compartment model (8), at 16C [Ca]free
begins to increase at ~1 ms after the stimulus, and the time-to-
peak is ~4 ms and the half-width of decay is ~6 ms. [CaTn]
begins to increase at 1.5 ms after the stimulus with a time-
to-peak of ~5 ms and a half-width of decay of ~38 ms. In
the study presented here, [Ca]free at a sarcomere length of
4.0 mm began to increase at ~1 ms after the stimulus with a
time-to-peak of ~5 ms and a half-width of decay of ~5.5 ms.
[CaTn] began to increase at 1.5 ms after the stimulus with a
time-to-peak of ~5 ms and a half-width of decay of ~39 ms.
Thus, the time courses of [Ca]free and [CaTn] obtained here
in frog whole muscles appear to be similar to those acquired
in frog single fibers.
We validated the conclusions reached in the previous study
(6) by comparing our x-ray data with the calcium data
obtained by Baylor and his colleagues (7,8). When a muscle
without filament overlap was stimulated, the meridional
reflection intensity at 1/38.5 nm1 began to change after
[CaTn] had reached more than half of its peak value, indi-
cating directly that the structural change of troponin mole-
cules does not take place before a significant fraction of
them have bound Ca2þ. In our analysis, we calculated
[CaTn] with simple first-order rate constants for Ca binding
to troponin; however, Baylor et al. (18) showed that assuming
cooperative Ca binding to troponin affects [CaTn] only
slightly during the rising phase. In this case, most of the
Ca-bound troponin has two Ca2þ because the binding to the
second site is assumed to be very tight to realize the coopera-
tivity. Thus, the above conclusion is still valid even if it is
assumed that troponin binds Ca2þ cooperatively and that it
changes conformation only after it has bound two Ca2þ.
Ca-Induced Troponin Structural Changes 199During the falling phase, the 38.5 nm intensity returned to
the resting level faster than [CaTn], showing that the
troponin structure returns to the resting level even when
some molecules still have calcium bound to them. At a sarco-
mere length of 4.0 mm, where there is no actin-myosin inter-
action, the 38.5 nm intensity (Fig. 2 C) almost returned to the
resting level when a quarter of Ca-binding sites of troponin
molecules still bound Ca2þ (Fig. 3 C). Since the decrease
in [CaTn] is even slower when cooperative binding to
troponin is assumed (18), it seems that the Ca-bound
troponin structure can return to the resting structure.
In the presence of filament overlap, [CaTn] obtained by
assuming independent binding to two Ca-binding sites of
troponin declines more slowly than tension during relaxation
(Fig. 5 C). This may be due to the fact that two Ca-binding
sites of troponin must be occupied by Ca2þ to enable an
actin-myosin interaction (36). However, the effects of cross-
bridge formation on the affinity of troponin to Ca2þmay also
be significant (see below). The fact that 3 mM BDM sup-
presses tension even when [CaTn] is prolonged by suppres-
sion of Ca2þ uptake shows that its effect is on the inhibition
of force development by myosin.Effects of crossbridge formation on troponin
The intensity of the 38.5 nm troponin reflection increases and
reaches a peak within 10 ms after a stimulus at both 4.0 and
2.8 mm (Figs. 2 C and 4 C). This intensity rise is considered
to be due to Ca2þ binding to troponin (2,29). The peak inten-
sity is 130–140% of the resting value at 4.0 mm (Fig. 2 C) (6),
125–130% at 2.2 mm (6), and 124% at 2.8 mm (Fig. 4 C). At
the shorter sarcomere lengths, as shown by the data obtained
in the presence of 3mMBDM (Fig. 4C), the initial rise seems
to be truncated by a decrease that takes place successively.
Thus, the peak intensity of the 38.5 nm troponin reflection
does not differ much at different sarcomere lengths, suggest-
ing that a similar amount of Ca2þ is released at all sarcomere
lengths. Most probably, the Ca-binding sites of troponin are
saturated with Ca2þ at all sarcomere lengths (37).
When the time courses of the fluorescence signal were
compared at different sarcomere lengths (Figs. 3 A and 5 A),
the decay was slower at 2.8 mm: at 50 ms after the stimulus,
[Ca]free was close to the resting level at 4.0 mm (Fig. 3 B),
and it remained significantly higher than the resting level
at 2.8 mm (Fig. 5 B). If other Ca-binding sites in myoplasm,
including Ca pumps, behave in the same manner at the two
sarcomere lengths, this shows that a part of Ca that is bound
to troponin is released more slowly at 2.8 mm. It seems that
crossbridge formation increases the Ca2þ affinity of troponin
and slows down Ca2þ detachment from troponin. This is in
agreement with biochemical results indicating that strong
binding of myosin heads to actin enhances Ca-binding to
troponin (15). Since the effects of crossbridge binding are
not considered here, however, the [CaTn] curve in Fig. 5 C
should be treated with caution.Crossbridge formation affects the conformation of
troponin by causing a large intensity drop in the 38.5 nm
troponin reflection in the late phase of contraction (Fig. 4 C)
(6). At 2.2 mm, this intensity decrease is quite large (down to
30% of the resting level after correction with the width
change) even in a twitch in which only a small fraction of
the myosin heads (<15% (6)) bind to actin. The size of the
intensity drop did not become larger when more crossbridges
were formed by an additional stimulus, suggesting that
the intensity drop in the 38.5 nm troponin reflection is not
directly due to myosin binding to actin. In our study, at
2.8 mm, where ~1/3 of the myosin heads cannot interact
with actin, the decrease was down to 35% of the resting level
(Fig. 4 C). Thus, the troponin molecules in the part of the thin
filament where myosin heads cannot interact with actin are
also affected by the rather small number of myosin heads
that bind to actin. On the other hand, when the tension was
reduced further to one-third by 3 mM BDM, the intensity
decreased only to 85% of the resting level (Fig. 4 C). Thus,
a certain number of bound myosin heads are required to
cause the large intensity drop. The nature of the structural
change that causes this intensity decrease is still not clearly
defined. Since the intensity drop is so large, we propose
that it may be due to detachment of part of the troponin
molecule from tropomyosin (6). There is evidence that
Ca2þ binding decreases the affinity of troponin to tropomy-
osin (38). Since the intensity reaches a minimum during the
relaxation phase of the twitch, myosin binding does not
seem to affect this intensity instantly. The recovery is also
slow. Thus, the conformational change may require myosin
heads to be bound to actin for some time, and once it
takes place, it needs some time to be restored. This behavior
is similar to that of the myosin meridional reflection
(Fig. 4 E), suggesting that the nature of the conformational
change is a disorder with a rather large degree of freedom
of motion. Myosin-induced detachment of troponin from
tropomyosin may fit these characteristics of the intensity
decrease well, but needs to be validated with other experi-
mental techniques.
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